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Edited by Frances ShannonAbstract To start to understand the role of chromatin structure
in regulating transcription in trypanosomes, we analyzed cova-
lent modiﬁcations on the four core histones of Trypanosoma bru-
cei. We found unusually few modiﬁcations in the N-terminal
tails, which are abundantly modiﬁed in other organisms and
whose sequences, but not composition, are highly divergent in
trypanosomes. In contrast, the C-terminal region of H2A ap-
pears to be hyper-acetylated. Surprisingly, the N-terminal ala-
nines of H2A, H2B, and H4, were mono-methylated, a
modiﬁcation that has not been described previously for histones.
Possible functions and evolutionary explanations for these unu-
sual histone modiﬁcations are discussed.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The fundamental unit of chromatin, the nucleosome, con-
sists of 146 base pairs of DNA wrapped around an octameric
protein complex containing two copies each of histones H2A,
H2B, H3 and H4. A large number of histone post-translational
modiﬁcations, including acetylation, methylation, phosphory-
lation, ADP-ribosylation, and ubiquitination, has been de-
scribed in recent years. The role of many of these
modiﬁcations in transcriptional regulation and chromatin
structure has been studied intensively (reviewed in [1]) and
the ‘histone code’ hypothesis has been proposed to explain
the biological function of these modiﬁcations [2]. Histone
modiﬁcations can alter chromatin structure and serve as bind-
ing platforms for proteins that inﬂuence transcriptional activ-
ity. Histone modiﬁcations establish epigenetic information that
can be propagated from one generation to the next.
Very little is known about chromatin structure, epigenetic reg-
ulation, and histone modiﬁcations in Trypanosoma brucei, theAbbreviations: MALDI-TOF MS, matrix-assisted laser-desorption/io-
nization time-of-ﬂight mass spectrometry; LC–MS/MS, liquid chro-
matography–tandem mass spectrometry; VSG, variant surface
glycoprotein; HPLC, high performance liquid chromatography
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doi:10.1016/j.febslet.2006.03.044unicellular parasitic protozoan that is responsible for African
Sleeping Sickness (reviewed in [3]). A deeper understanding of
chromatin structure will help us to understand important pro-
cesses like antigenic variation, developmental changes and viru-
lence, in this parasite. A substantial amount of recent work on
transcriptional regulation has focused on variant surface glyco-
protein (VSG) gene expression (reviewed in [4]). By periodically
switching the expressedVSG gene, the trypanosome population
is able to escape the host’s immune system, a defense strategy
termed antigenic variation. The active VSG is transcribed at
one of20 essentially identical polycistronic transcription units
known as Expression Sites, which are always located adjacent to
telomeres (reviewed in [4]). Trypanosome telomeres repress the
transcription of reporter genes and this telomere position eﬀect
might also contribute to the regulation of telomeric VSG genes.
After ingestion by Glossina, the tsetse, the bloodstream form of
T. brucei diﬀerentiates to the procyclic stage, in which all VSG
Expression Sites are transcriptionally repressed. While some
studies have hinted that chromatin remodeling may be involved
in developmental Expression-Site silencing [5], few functional
studies of chromatin remodeling or histone-modifying enzymes
have been reported [6,7], andnohistonemodiﬁcations have been
identiﬁed in trypanosomes. With the T. brucei genome sequence
in hand [8], we have the opportunity to match putative his-
tone modifying enzymes with their corresponding covalent his-
tone modiﬁcations. To this end, we ﬁrst sought to identify
histone modiﬁcations in T. brucei.
2. Materials and methods
2.1. Histone puriﬁcation, Edman degradation and mass spectrometry
Procyclic forms of the Lister 427 strain of T. brucei were cultured in
SDM-79 medium. To purify histones, nuclei from 2 · 1010 cells were
isolated following a published protocol [9]. The nuclei were washed
in low salt buﬀer (10 mM Tris, pH 8.0, 0.05% NP-40, and 75 mM
NaCl) and resuspended in high salt buﬀer (10 mM Tris, pH 8.0,
0.05% NP-40, and 400 mM NaCl). After solubilization of chromatin
by sonication, histones were extracted in 0.4 M H2SO4 in high-salt buf-
fer overnight at 4 C and precipitated with trichloroacetic acid. The
precipitates were fractionated by RP-HPLC between 0% and 60% ace-
tonitrile (v/v) in 0.1% triﬂuoroacetic acid (v/v), dried and redissolved in
H2O. For matrix-assisted laser-desorption/ionization time-of-ﬂight
mass spectrometry (MALDI-TOF MS), histones were digested with
endoproteinase Glu-C or trypsin, according to the manufacturer’s
(Roche) instructions. MALDI-TOF data were obtained using a DE-
STR mass spectrometer (Applied Biosystems) operating in the delayed
extraction and reﬂector modes. Liquid chromatography–tandem mass
spectrometry (LC–MS/MS) was performed on a LCQ classic instru-
ment (Thermo Finnigan). Edman degradation analysis were performed
with a Procise 494-HT (Applied Biosystems). SDS–PAGE was per-
formed following standard protocols [10].blished by Elsevier B.V. All rights reserved.
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RP-HPLC puriﬁed histones were subjected individually to AU-
PAGE to reveal histone modiﬁcation states. Brieﬂy, 1 lg of each
histone were dissolved in 5 ll loading buﬀer (360 mg/ml urea, 0.02%
pyronin Y, 5% acetic acid, and 25 mg/ml protamine sulfate), loaded
onto a 15% polyacrylamide (acrylamide/bisacrylamide 60:0.4), 6 M
urea, 5% acetic acid gel and separated for 75 min at 300 V in 5% acetic
acid. Histones were visualized by silver staining (Pierce) according to
manufacturer’s instructions.Standard
*3. Results
To identify covalent histone modiﬁcations, nuclei were pre-
pared using the protocol developed by Rout and Field [9]. His-
tones were isolated by acid extraction of the nuclei, and
puriﬁed by RP-HPLC (Fig. 1, upper panel). To conﬁrm the
purity of individual histones, samples from the RP-HPLC were
separated by SDS–PAGE (Fig. 1, middle panel) and identiﬁed48 50 52 54 56 58 60 62 64minutes
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 H2A
+ H3
57 58 61605951 52 555453
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Fig. 1. Puriﬁcation and AU-PAGE analysis of T. brucei histones. Top:
histones were isolated by acid extraction of nuclei and puriﬁed by RP-
HPLC (scale: absorbance at 214 nm). Individual fractions were
numbered according to collection time. Middle: RP-HPLC-fractions
were analyzed by SDS–PAGE followed by Coomassie staining.
Histone identities were conﬁrmed by MALDI-TOF MS. Bottom:
AU-PAGE analysis of puriﬁed histones. Migration patterns sug-
gest the presence of several acetylation and/or phosphorylation
modiﬁcations.by MALDI-TOF MS (data not shown). Although some frac-
tions contained histone mixtures, we were able to purify all
four core histones (H2A: fraction 51; H3: fraction 53; H4 frac-
tion 57; H2B: fractions 59–61). The reason for H2B to elute in
two peaks is unknown, but diﬀerent modiﬁcations do not ap-
pear to be responsible. To obtain a ﬁrst impression of the glo-
bal modiﬁcation proﬁle, we separated individual RP-HPLC
fractions by AU-PAGE. (Fig. 1, lower panel). AU-PAGEH2A *
H2B
*
 H4 *
Fig. 2. Edman degradation analysis of T. brucei histones. The RP-
HPLC spectrum of 5 pmol of amino acid standards and reaction by-
products is shown in the top panel. The ﬁrst cycles of Edman
degradation of histones H4, H2A and H2B contain mainly N-
methylalanine (asterisks). Amino acids are labeled according to
standard one-letter code and the following additional abbreviations
are used: AcK, acetylated lysine; DMK, dimethylated lysine; NMA, N-
methylalanine; dptu, diphenylthiourea; dpu, diphenylurea.
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acetylation or phosphorylation states. We saw little evidence
for multiple isoforms of H4 (fraction 57), the majority of
which is acetylated on K4 (see below), or of H2B (fractions
59–61). H3 (fraction 53) appeared to be acetylated or phos-
phorylated, consistent with the complex modiﬁcation pattern
described for H3 in other organisms, and at least six isoforms
of H2A (fraction 51) could be detected. The slowly migrating
bands in H3 could be attributable to adventitious inter-molec-
ular disulﬁde bridges.
To identify individual histone modiﬁcations, we employed
Edman degradation, MALDI-TOF MS, and LC–MS/MS.Table 1
Summary of histone modiﬁcations
Histone Modiﬁcation Edman comments
H2A A1 mono-methylated >80%
K115 acetylated
K119 acetylated
K120 acetylated
K125 acetylated
K128 acetylated
H2B A1 mono-methylated >80%
H3 S1 acetylated or tri-methylated Blocked N terminus:
no data
H4 A1 mono-methylated >80%
K4 acetylated 80%
K10 acetylated 10%
K17 mono-methylated <10%
di-methylated <5%
K18 mono-methylated <10%
tri-methylated <5%
Percentages were calculated from Edman sequencing.
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Fig. 3. The N-terminal alanine of histone H4 is mono-methylated. A
AKGKKSGE is shown. The mass of the analyzed peptide was 861.4
increment is 14 Da for mono-methylation and 42 Da for acetylation o
methylated is based on Edman sequence analysis (data not shown).GKK
400
m/z
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represe
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r tri-meThe N-terminus of H3 was not susceptible to Edman cleavage,
as is the case for proteins with acetylated N-termini. Subse-
quent LC–MS/MS analysis of endoproteinase Glu-C-digested
H3 conﬁrmed that the N-terminal serine is acetylated or tri-
methylated (data not shown). Most of the product of the ﬁrst
cycle of Edman degradation of H4, H2B and H2A, co-
migrated with an N-methylalanine standard (Fig. 2, asterisks).
To our knowledge, this is the ﬁrst time that this modiﬁcation
has been described in histones. Progressive Edman degrada-
tion of H4 revealed 80% acetylation of lysine 4 and 10%
of lysine 10, minor mono- and di-methylation of lysine 17,
and mono- and tri-methylation of lysine 18 (data not shown:
summarized in Table 1). N-methylalanine and acetylation of
H4 lysine 4 were conﬁrmed by MS/MS (Fig. 3).
No other modiﬁcations could be detected on the N-terminal
tails of H2A and H2B by Edman degradation (data not
shown). This was surprising, because the N-terminal tails of
H2A and H2B carry multiple modiﬁcations in other organ-
isms, and the AU-PAGE analysis (Fig. 1) suggested extensive
acetylation or phosphorylation of H2A. To resolve this dis-
crepancy, we subjected trypsin-digested H2A to MS/MS anal-
ysis. Surprisingly, we found that the C-terminal tail was
heavily acetylated. Consistent with the AU-PAGE analysis, ly-
sines 115, 119 and 120 could be acetylated on the same peptide
(Fig. 4), suggesting that diﬀerent permutations of acetylation
marks can occur on individual H2A molecules. Lysines 125
and 128 could also be acetylated (data not shown). All modi-
ﬁcations are summarized in Table 1.4. Discussion
Histones are extremely conserved in their amino acid se-
quences, from yeast to humans, but T. brucei diverged earlierSGE-8
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Fig. 4. The C-terminus of histone H2A is hyper-acetylated. A representative MS/MS spectrum of the tri-acetylated H2A C-terminus (peptide 106-
GGVMPSLNKAALAKKQK-123) is shown. Relevant masses of y-ions are indicated above the spectrum and relevant b-ions are indicated below.
Lysines 115, 119 and 120 are acetylated. Although our MS/MS analysis could not distinguish between acetylation and tri-methylation (mass
increments 42 Da), and Edman analysis was not performed on this peptide, it was interpreted to be acetylation based on the AU-PAGE analysis
(Fig. 1).
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trypanosomes are comparable with those of yeast and human,
the N-terminal tail sequences are very diﬀerent. In this study,
we showed that posttranslational histone modiﬁcation patterns
are very diﬀerent, too. We identiﬁed a novel histone modiﬁca-
tion, N-methylalanine, at the N-termini of H2A, H2B and H4.
Methylation of N-terminal a-amino groups has been described
in light-harvesting protein complexes (LH1) of photosynthetic
bacteria. LH1 are membrane protein complexes and the N-ter-
mini are exposed to the cytoplasm. It has been speculated that
N-methylalanine might be involved in membrane insertion,
interaction between complex subunits, regulation of stability
and solubility of the N-terminal region, or protection of the ex-
posed protein ends to aminopeptidases [12]. Future experi-
ments will elucidate the role of N-methylalanine in
trypanosome histones. N-terminal tri-methylation of histone
H2B has been described in the ciliated protozoa Tetrahymena,
but the function of this modiﬁcation has not been addressed
[13].
In general, histone tails are sprinkled with modiﬁcations (re-
viewed in [14]). Although our analyses of T. brucei histone
modiﬁcations were extensive, but not necessarily exhaustive,
they revealed few modiﬁcations in the histone tails of H2A,
H2B, and H4. MS/MS analysis of the H3 N-terminal tail also
showed few modiﬁcations (Veena Mandava, personal commu-nication). The scarcity of modiﬁcations would be consistent
with a limited repertoire of histone modifying enzymes. The
trypanosome genome project exposed only 5 putative histone
acetyltransferases, 3 putative histone methyltransferases with
a SET-domain, 3 DOT-like proteins and 4 putative histone
arginine methyltransferases [15]. In contrast, humans have
about 90 genes encoding a SET domain and Drosophila has
about 37 (reviewed in [16]), suggesting that the number of his-
tone modifying enzymes and maybe their versatility has in-
creased during evolution.
Another unusual observation was the hyper-acetylation of
the C-terminus of H2A. In general, only the N-terminal tails
of histones bear multiple acetylation marks (reviewed in
[14]). Acetylation of lysine changes its charge, which can alter
interactions between histones and DNA, between histones of
neighboring nucleosomes, and between histones and regula-
tory proteins [17]. Histone hyper-acetylation is thought to
destabilize chromatin, allowing access to transcription factors
and RNA polymerase complexes. Most of the protein coding
genes in trypanosomes are organized in long polycistronic clus-
ters and there is a remarkable lack of identiﬁable transcription
factors [15]. Most genes appear to be transcribed constitutively
and RNA levels are thought to be regulated mainly by post-
transcriptional mechanisms. Hyper-acetylation of trypanosome
histones might be used to create long regions of euchromatin,
2310 C.J. Janzen et al. / FEBS Letters 580 (2006) 2306–2310to regulate particular gene clusters for developmental reasons,
or in response to environmental changes or other external or
internal signals. The next major step in studying the role of his-
tone modiﬁcations in T. brucei will be to generate a repertoire
of modiﬁcation-speciﬁc antibodies.
Our identiﬁcation of covalent histone modiﬁcations is the
ﬁrst step to unraveling the histone code in trypanosomes.
Our results already suggest that the code in T. brucei is much
simpler than in other organisms where it has been studied.
Further investigations will focus on the identiﬁcation and char-
acterization of the corresponding modifying enzymes and on
proteins that bind to histone modiﬁcations. From these exper-
iments, we anticipate insights into fundamental processes such
as antigenic variation, developmental and cell cycle regulation
in this important parasite. Such studies could also provide in-
sights into the evolution of histone modiﬁcations in higher
eukaryotes, and their fundamental roles in regulating gene
expression.
Acknowledgements: We thank all members of the Cross lab for useful
suggestions and support. In particular, we thank Veena Mandava for
sharing unpublished data and David Allis for supporting this work and
for valuable discussions. This work was supported by the National
Institutes of Health (Grant Nos. AI50614 and AI21729).References
[1] Fischle, W., Wang, Y. and Allis, C.D. (2003) Histone and
chromatin cross-talk. Curr. Opin. Cell Biol. 15, 172–183.
[2] Strahl, B.D. and Allis, C.D. (2000) The language of covalent
histone modiﬁcations. Nature 403, 41–45.
[3] Horn, D. (2001) Nuclear gene transcription and chromatin in
Trypanosoma brucei. Int. J. Parasitol. 31, 1157–1165.
[4] Barry, J.D. and McCulloch, R. (2001) Antigenic variation in
trypanosomes: enhanced phenotypic variation in a eukaryotic
parasite. Adv. Parasitol. 49, 1–70.[5] Navarro, M., Cross, G.A.M. and Wirtz, E. (1999) Trypanosoma
brucei variant surface glycoprotein regulation involves coupled
activation/inactivation and chromatin remodeling of expression
sites. EMBO J. 18, 2265–2272.
[6] Ingram, A.K. and Horn, D. (2002) Histone deacetylases in
Trypanosoma brucei: two are essential and another is required for
normal cell cycle progression. Mol. Microbiol. 45, 89–97.
[7] Garcia-Salcedo, J.A., Gijon, P., Nolan, D.P., Tebabi, P. and Pays,
E. (2003) A chromosomal SIR2 homologue with both histone
NAD-dependent ADP-ribosyltransferase and deacetylase activi-
ties is involved in DNA repair in Trypanosoma brucei. EMBO J.
22, 5851–5862.
[8] Berriman, M. et al. (2005) The genome of the African trypano-
some Trypanosoma brucei. Science 309, 416–422.
[9] Rout, M.P. and Field, M.C. (2001) Isolation and characterization
of subnuclear compartments from Trypanosoma brucei. Identiﬁ-
cation of a major repetitive nuclear lamina component. J. Biol.
Chem. 276, 38261–38271.
[10] Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D.,
Seidman, J.G., Smith, J.A. and Struhl, K. (2005) Current
Protocols in Molecular Biology, Wiley Interscience.
[11] Stevens, J.R., Noyes, H.A., Schoﬁeld, C.J. and Gibson, W. (2001)
The molecular evolution of Trypanosomatidae. Adv. Parasitol.
48, 1–56.
[12] Wang, Z.Y., Shimonaga, M., Kobayashi, M. and Nozawa, T.
(2002) N-terminal methylation of the core light-harvesting
complex in purple photosynthetic bacteria. FEBS Lett. 519,
164–168.
[13] Nomoto, M., Kyogoku, Y. and Iwai, K. (1982) N-Trimethylala-
nine, a novel blocked N-terminal residue of Tetrahymena histone
H2B. J. Biochem. (Tokyo) 92, 1675–1678.
[14] Lachner, M., O’Sullivan, R.J. and Jenuwein, T. (2003) An
epigenetic road map for histone lysine methylation. J. Cell. Sci.
116, 2117–2124.
[15] Ivens, A.C. et al. (2005) The genome of the kinetoplastid parasite,
Leishmania major. Science 309, 436–442.
[16] Cheng, X., Collins, R.E. and Zhang, X. (2005) Structural and
sequence motifs of protein (histone) methylation enzymes. Annu.
Rev. Biophys. Biomol. Struct. 34, 267–294.
[17] Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F. and
Richmond, T.J. (1997) Crystal structure of the nucleosome core
particle at 2.8-angstrom resolution. Nature 389, 251–260.
